We present a comprehensive study on metal-organic vapor phase epitaxy growth of N-polar and Alpolar AlN on 4H-SiC with 4
Introduction
III-nitride (III-N) alloys are currently used in a plethora of electronic and light emitting applications, such as, high-electron mobility transistors (HEMTs) and light-emitting diodes (LEDs). In III-Ns, AlN is a promising material for high-power and high-temperature applications because of its high critical electric field and high thermal conductivity. AlN is grown on sapphire, Si, silicon carbide (SiC), and native substrates [1] [2] [3] [4] [5] [6] [7] [8] .
SiC substrates are suitable for commercial high crystalline-quality AlN growth because of the small lattice mismatch of 1% between AlN and SiC in addition to a sufficiently large wafer size. AlN is typically grown by metal-organic vapor-phase epitaxy (MOVPE) and molecular beam epitaxy (MBE). MOVPE is preferred for commercial scale fabrication of AlN. The AlN layers grown on SiC by MOVPE have exhibited small X-ray rocking curve (XRC) full width half maximums (FWHMs) of 76 and 360 arcsec measured for (002) and (102) reflections, respectively [3] .
Wurtzite III-N has two types of polar planes, metal-polar (001) and N-polar (001). N-polar III-Ns have several benefits for device applications due to the polarization induced electric field. For example, in N-polar GaN/AlGaN HEMTs the top GaN layers offer low contact resistances and the AlGaN back barrier provides low buffer-leak current [9, 10] . N-polar III-Ns enable a more efficient carrier injection [9] in LEDs. In addition, N-polar III-Ns are used for laterally polarized structures with a large nonlinear susceptibility and polarization field along the lateral direction [11] .
However, high-quality N-polar III-N growth is difficult because of higher binding energies, different diffusion pathways of adatoms and anisotropic lateral growth rate of surface steps, compared to metal-polar III-N growth [12, 13] . Especially, the low migration length of adatoms causes the formation of a high density of hillocks, leading to rough surfaces [14] . The migration length of adatoms depends on the growth temperature and V/III ratio. High growth temperatures decrease the surface roughness [7] . N-polar III-N layers are grown under V/III-ratios between 650 and 27500 [7, [14] [15] [16] [17] . Additionally, the hillock formation can be suppressed by employing a substrate with a miscut of 4
• together with a low growth rate [5, 7] . However, there are no reports of device quality N-polar AlN layers grown by MOVPE. Achievement of high-quality N-polar AlN growth by MOVPE would widen the range of optical and electrical device applications.
In this report, we present a comprehensive study on the MOVPE growth for both N-polar and Alpolar AlN on 4H-SiC with a miscut of 4
• . The growth rate was kept at a constant low value by altering the precursor mass flows when either the V/III-ratio or temperature was varied to separate these effects on surface morphology and crystalline quality. The layer crystalline quality was evaluated using high-resolution x-ray diffraction (HR-XRD) measurements. The surface roughness was determined with atomic force microscopy (AFM). Defect selective etching was applied to confirm the sample polarity.
Experiment
200-nm-thick N-and Al-polar AlN layers were grown on C-and Si-face of 4H-SiC substrates, respectively, by MOVPE. The SiC substrates had an intentional miscut of 4
• towards < 110 >. The MOVPE reactor had a close-coupled showerhead configuration. Trimethylaluminium (TMAl) and ammonia (NH 3 )were used as precursors for aluminum and nitrogen, respectively. Hydrogen was used as the carrier gas. The SiC surfaces were cleaned in-situ for 20 min at 1180
• C in a hydrogen ambient prior to AlN growth. The nominal substrate surface temperature was between 1070
• C and 1165
• C during AlN growth. The temperature was estimated using an emissivity corrected in-situ pyrometer. The growth pressure was 50 mbar. The AlN layers were grown in a single step.
Three-axis HR-XRD measurements (Philips X'Pert Pro) were performed to assess the crystalline quality of the grown AlN layers. Rocking curve scans around the symmetrical (002) and various skew-symmetrical reflections were recorded. The setup consisted of an X-ray mirror, a 4 × Ge (220) monochromator and an analyzer crystal. X-ray wavelength of the copper K α1 emission line was used. Atomic force microscopy (AFM) (NT-MDT NTEGRA Aura) was used to measure the surface roughness of the grown AlN layers. Defect selective etching was applied to investigate the sample polarity [18] [19] [20] . The AlN layer surface was etched with either a molten eutectic mixture of KOHNaOH with 10% of MgO powder or a 1M 50
• C KOH solution and the layers were studied using scanning electron microscope (SEM).
Results and discussion
Common growth parameters for Al-polar AlN on Si-face SiC were used initially. N-polar and Alpolar AlN layers were grown at substrate surface temperature of 1070
• C with a growth rate of 0.5 μm-thick m/h. Both N-polar and Al-polar AlN layers exhibited the same growth rate for the same growth conditions. Figure 1 shows AFM images of N-polar and Al-polar AlN layers with 200 nm thickness. The Al-polar layer had a quite smooth surface with few pits (RMS roughness: 1.46 nm). Conversely, the N-polar layer had a rough surface (RMS roughness: 10.1 nm). There were hexagonal hillocks with symmetrical structure, despite growth on 4
• miscut substrates. The hexagonal hillock density was 1.8 × 10 9 /cm 2 . The hillocks had no spiral shape, which is typically generated by screw/mixed dislocations and spiral growth [21] . We believe that multiple islands are formed on surfaces due to the small migration length of adatoms in N-polar plane. The enhancement of adatom mobility on surfaces is necessary to suppress the formation of hexagonal hillocks.
To study the N-polar and Al-polar AlN growth characteristics, a series of growths over a wide V/IIIratio range from 100 to 27000 were performed. A low growth rate of 0.1 μm-thick m/h and a high substratesurface temperature of 1150 • C, both of which enable the enhancement of the migration length of adatoms, were selected to suppress the formation of hexagonal hillocks. The growth parameters were adjusted towards values reported for N-polar AlN growth because Al-polar AlN has a wider growth window for good crystalline quality [3, 7, 22] . The AlN layers were grown in a single step. In case of AlN on SiC growth, changing the growth conditions after nucleation has a minor effect on film quality [23, 24] . AlN layers with different polarity were grown simultaneously at the same V/IIIratio. The growth rate decreases with increasing the V/III-ratio due to parasitic reactions. In order to separate the effects of V/III-ratio and growth rate, the growth rate of the AlN layers was maintained at 0.1 μm-thick m/h throughout the series by altering the precursor mass flow. Figure 2 . The step bunching may be mitigated by nucleating a lower temperature layer, such as Npolar GaN, grown on the SiC substrate [25] . There were no multi-micron sized hexagonal hillocks which are attributed to the existence of inversion domains [7, 13] . In contrast, the Al-polar AlN surfaces had a step-and-terrace structure without large step bunching but there are pits, whose density decrease with increasing V/III-ratio.
The V/III-ratio has a significant impact on the dominating growth mode of N-polar AlN as seen from Figures 2 a, c and e. As shown in Figure 2a , sub-micron sized hexagonal hillocks formed on the N-polar AlN surface grown at a very low V/III-ratio of 100. At the high V/III-ratio of 1000 (Figure 2c ), the step-flow growth mode becomes dominant, suppressing the formation of hexagonal hillocks and yielding step bunching. The steps advance toward the substrate miscut direction of < 110 >. The average step height was 7 nm, or 28 monolayers of AlN. Further increase of the V/IIIratio to 27000 (Figure 2e ) does not significantly affect the surface roughness. We consider that the step bunching is caused by anisotropy in the terrace step adatom capture probabilities [26] . The anisotropy in capture probability leads to differences in step lateral advancement rates and can cause step-bunching. The step bunching is more prominent under growth conditions where the adatom migration length is greater than the surface terrace width [27] .
The dependence of surface kinetics on vapor supersaturation has been used to explain the surface morphology of Al-polar AlN [27] . The surface-kinetics model predicts that increasing the growth temperature and lowering the growth rate can reduce the surface supersaturation, and thus, reduce the island formation, consistent with our results. Additionally, increasing the V/III-ratio in this growth window shows the elimination of hillocks and the onset of step-bunching. However, it is difficult to estimate the dependence surface supersaturation on V/III-ratio due to the influence of other process parameters. Further investigation on the relation between V/III-ratio and supersaturation is necessary. Increasing the V/III-ratio has decreased hillock formation in N-polar AlN [7] . Conversely, in Al-polar AlN growth, decreasing the V/III-ratio can initiate step-bunching [26] . This difference could be explained by the differences in surface reconstruction and diffusion barriers between N-and Al-polar AlN [26] .
For Al-polar AlN growth, a high density of pits (5.0 × 10 10 /cm 2 ) was observed on the sample surface grown at the low V/III-ratio of 100 (Figure 2b ). These pits are generated around dislocations due to the etching effect of the H 2 carrier gas [28] . The pit density significantly decreases to 8.8 × 10 9 /cm 2 as the V/III-ratio increases to 1000 (Figure 2d ). High V/III-ratio of 27000 (Figure 2f ) reduces the pit density to 7.5 × 10 7 /cm 2 . We suggest that the low growth rate at high growth temperature causes nitrogen desorption from the growth surface and around edge dislocations, forming pits. A high V/III-ratio, or high nitrogen partial pressure, may be effective in suppressing the nitrogen desorption.
Defect selective etching was applied to confirm the sample polarity. The Al-polar and N-polar AlN layers grown at a nominal substrate surface temperature of 1150
• C with a V/III-ratio of 1000 and 27000 were etched with a molten eutectic mixture of KOH-NaOH with 10% of MgO (E+M) powder. Figure 3 presents the etching results from samples grown using a V/III-ratio of 1000. Identical results were obtained for the other sample pair (not shown).
Wet etching is an accurate method for determining III-N layer polarity due to the vastly different etch rates of N-polar and Al-polar surfaces [20, 29] . Due to very thin 200 nm layers the Al-polar was only etched for 30 seconds and for N-polar AlN layers the etching time was reduced down to 2 seconds and still the layer was almost completely dissolved ( Figure 3b ). Therefore to lower the etch rate, N-polar samples were additionally etched in 1M 50
• C KOH solution which resulted in a typical N-polar hexagonal pyramids (Figure 3c ) which are attributed to being bound by more chemically stable crystalline facets [29, 30] . Al-polar AlN layer exhibited typical defect selective etch behavior (Figure 3a) where the hexagonal pits are generated on dislocation cores [18, 19] . In our case hexagonal pits were already generated during growth (Figure 2 ) due to the in-situ etching effect of the H 2 carrier and after the second etching in KOH-NaOH they were enlarged. The pit density (8.8×10 The FWHMs were calculated using least-squares fitting of a Gaussian line-shape. Rocking curve scans around the symmetrical (002) and skew-symmetrical (102) reflections were recorded. Only screw dislocation densities contribute to the broadening of the (002) peak, while both screw and edge dislocations contribute to the broadening of the (102) peak [31] . Typically the density of edge dislocations is larger than that of screw dislocations in III-N layers. Figure 5 presents an XRC (002) line-shape recorded from a 200-nm-thick Al-polar AlN layer grown at 1150
• C with a V/III-ratio of 27000. Thin epitaxial III-N layers can exhibit narrow specular diffraction in addition to broad diffuse scattering [32] [33] [34] . The narrow specular peak is attributed to a high density of inversion domains [32] or correlated dislocations [33] . Gaussian and Lorentzian line-shapes have been fitted to the experimental data with FWHMs of 314 arcsec and 7 arcsec, respectively. The FWHM of the Lorentzian peak is at the limit of instrument resolution. In Figure 4 the FWHM of the diffuse scattering was used.
Based on Figure 4 , for N-polar AlN, the minimum values of (002) FWHM was achieved at a V/IIIratio of 1000, while the (102) FWHM does not show a clear trend with the V/III-ratio. The V/IIIratio of 1000 shows the smallest FWHMs of 232 and 509 arcsec for the (002) and (102) scan, respectively. We consider that the high lateral ad-atom mobility at comparatively high V/III-ratio enhances the step-flow growth mode, improving crystalline quality. In contrast, the Al-polar AlN layers have a vastly different optimum V/III-ratio compared to the N-polar AlN layers. As shown in Figure 4 , for Al-polar AlN, the highest V/III-ratio of 27000 resulted in the smallest FWHMs, indicating the highest crystalline quality for this sample series. The FWHMs for (002) and (102) reflections were 314 and 576 arcsec, respectively. The FWHM of the (002) (002) and (102) reflections, respectively. In contrast, for Al-polar AlN layers, there is no clear trend between the growth temperature and crystalline quality, indicating that the crystalline quality of Al-polar AlN layers is limited by the V/III-ratio in this growth regime. For Al-polar AlN grown with two step approach with V/III-ratios of 2338 and 116, XRC FWHMs of 76 and 360 arcsec were reported for (002) and (102) reflections, respectively [3] . Further improvement of the crystalline quality for Al-polar AlN growth is expected by optimizing the V/III ratio and growth rate.
A 1-μm-thick m-thick N-polar AlN layer was grown in order to confirm the stability of the step flow growth mode and to allow more accurate crystalline quality analysis. Figure 7 shows an AFM image of the N-polar AlN layer grown using a V/III-ratio of 1000 and a nominal substrate surface temperature of 1150 (Figure 2 c) , the thicker AlN layer surface has a lower density of steps with a greater of height around 40 nm. Because the step-bunching effect is not self-limiting the surface roughness increases with increasing epitaxial layer thickness [5] . χ. All the scans were recorded in a skew-symmetrical three-axis configuration. The FWHMs of the skewsymmetrical scans, namely the 105 scan, have a smaller minimum value than the symmetrical 002 scan. This could be due to anisotropic stress created by the substrate miscut or the difference in symmetry between the scans [35] . The contributions of crystalline tilt and twist to the XRC peak broadening, assuming high dislocation density and Gaussian peak shape, are connected through following expression [36] :
where β hkl , β tilt , β twist and χ are the measured width of a diffraction peak with Miller indices (hkl), peak broadening due to crystalline tilt, peak broadening due to crystalline twist and measurement inclination angle for the diffraction peak with Miller indices (hkl), respectively. Equation 1 can be converted to be a function of sin 2 χ for linear fitting:
Typically the reflection having the higher inclination angle is considered to be a better figure of merit for III-N overall crystalline quality due to the higher density of edge dislocations. The reported XRC FWHMs of N-polar AlN layers grown on SiC by MOVPE are 468 and 684 arcsec for (002) and (102) reflections, respectively [14] . The FWHMs of of N-polar GaN layers grown on SiC by MOVPE are 108 and 396 arcsec for (002) and (201) reflections [37] . In comparison, our 1-μm-thick mthick N-polar AlN layer exhibited quite small FWHMs of 307, 330 and 337 arcsec for (002), (102) and (201) reflections due to a thick layer and high crystalline quality. The (002) FWHM of the 1-μm-thick m-thick N-polar AlN layer was higher than that of the 200-nm-thick N-polar AlN layer grown with same parameters. The increase in peak width could be due to the increased surface roughness induced by step bunching.
The obtained peak broadening components can be used to estimate the screw and edge dislocation densities, assuming randomly distributed dislocations, using the following expressions [38] : [41] . We conclude that the crystalline quality of our N-polar AlN layers is slightly better than that reported for N-polar III-Ns. 
